NMD (nonsense-mediated mRNA decay) is a surveillance mechanism that degrades transcripts containing nonsense mutations, preventing the translation of potentially harmful truncated proteins. Although the mechanistic details of NMD are gradually being understood, the physiological role of this RNA surveillance pathway still remains largely unknown. The core NMD genes Upf1 (up-frameshift suppressor 1) and Upf2 are essential for animal viability in the fruitfly, mouse and zebrafish. These findings may reflect an important role for NMD during animal development. Alternatively, the lethal phenotypes of upf1 and upf2 mutants might be due to their function in NMD-independent processes. In the present paper, we describe the phenotypes observed when the NMD factors are mutated in various organisms, and discuss findings that might shed light on the function of NMD in cellular growth and development of an organism.
Introduction
Severo Ochoa won the 1959 Nobel Prize in Medicine after he discovered how RNA is synthesized. The importance of RNA synthesis has been understood for many decades and, historically, the study of gene expression regulation has tended to concentrate on the means by which genes are switched on and RNAs are synthesized. However, there is another aspect of gene expression regulation that is arguably as important as RNA synthesis, and this is RNA turnover. It is well established that one mechanism of RNA degradation, NMD (nonsense-mediated mRNA decay), contributes to the rapid degradation of many mRNAs. Although the mechanistic details of NMD are gradually being understood, the physiological role of NMD still remains largely unknown. In the present paper, we review what is known about the role of this RNA surveillance pathway in cellular growth and organism development.
NMD is a conserved mRNA surveillance pathway that eliminates aberrant transcripts containing a PTC (premature termination codon) that can arise accidentally through various means, including gene mutation, aberrant mRNA splicing and directed gene rearrangements [1] [2] [3] [4] . In addition to its quality control function, NMD also regulates the expression levels of, among others, mRNAs with uORFs (upstream open reading frames) and alternatively spliced mRNAs [5] . Genome-wide transcriptome-profiling analyses in various organisms have revealed that the expression levels of 3-10% of all mRNAs are affected by NMD (reviewed in [6] ), and that one-third of alternative splicing events in humans have the potential to generate PTC-containing mRNAs [7] [8] [9] .
The biological importance of NMD is highlighted by the fact that up to 30% of all mutations causing human disease generate mRNAs with a PTC [10] . In some instances, proteins encoded by nonsense mRNAs are functional, but they are not produced in sufficient amounts due to degradation via NMD. This is the case in aniridia, cystic fibrosis and Duchenne muscular dystrophy [9, [11] [12] [13] . There are also cases in which NMD ameliorates the effects of PTC mutations. For example, patients with a PTC-containing β-globin allele that does not trigger NMD show ineffective erythropoiesis, whereas those with an NMD-inducing PTC are phenotypically normal. Similar cases have been described for the reduction of dominant truncated forms of the tumour-suppressor proteins BRCA1 (breast cancer early-onset 1) and WT1 (Wilms' tumour 1) (reviewed in [14] ). In addition, inhibition of NMD leads to a significant reduction in tumour growth [15] .
The key effectors of NMD include the Upf (up-frameshift suppressor) proteins (Upf1, Upf2 and Upf3), and the Smg (suppressor with morphological effect on genitalia) proteins (Smg1 and Smg5-Smg9) (reviewed in [6] ). Upf proteins are conserved from yeast to humans; the Smgs have orthologues in multicellular organisms, but not in yeast (Table 1 ). An exception, Smg7, is not conserved in Drosophila. Upf1 is an ATP-dependent helicase and RNA-dependent ATPase, whose activity in human cells is stimulated by the binding of Upf2 and Upf3 [16] . Transcripts carrying PTCs are promptly degraded upon contact with molecular complexes that include Upf1, Upf2 and Upf3, but the detailed mechanisms of this process are not fully understood (Figure 1 ). Upf1 activity is regulated via cycles of phosphorylation and dephosphorylation, which depend on the activity of the kinase Smg1, but also require the additional Smg proteins [17] [18] [19] [20] . Degradation is finally achieved either by the activity of the endonuclease Smg6, and/or via Smg5/Smg7 which provide a link to general cellular mRNA decay enzymes [21] [22] [23] .
For the human disorder cases described above, diseasemodulating clinical strategies to manipulate surveillance levels are under consideration. A prerequisite to the implementation of these approaches is to have full understanding of the normal biological roles of NMD factors in vivo, especially since some of the core components of the NMD machinery participate in cellular processes that are NMD-independent. In the present review, we discuss the role of these factors in development, as well as whether their impact on cellular growth and organism viability is due to NMD or to other functions. This review is based on published data as well as our recent observations in Drosophila.
Function of NMD in organism development
The importance of NMD effectors in cell viability and organism development varies across species (Table 1) . The NMD pathway has been found in all eukaryote organisms that have been examined, but the repertoire of factors that mediate NMD is larger in higher than in lower eukaryotes. Most of the work in lower eukaryotes has been done with the budding yeast Saccharomyces cerevisiae. In this organism, the loss of the Upf proteins has no obvious effect on growth, although PTC-containing mRNAs are stabilized in mutants for upf1-upf3 [24] [25] [26] [27] . The fact that UPF1-UPF3 are not essential genes in yeast suggests that the regulation of targets by NMD in this organism is not required for growth. Similar to the budding yeast, upf2-deleted Schizosaccharomyces pombe strains are viable and show no apparent growth abnormality [28, 29] , whereas deletion of Upf1 produces abnormally long cells probably due to problems with cell-cycle progression. However, it is not yet clear whether this phenotype is due to lack of NMD or to some other function of the protein (S. De and S. Brogna, personal communication).
Genetic screens in the nematode Caenorhabditis elegans identified seven genes (SMG1-SMG7) that are required for the degradation of nonsense mutant mRNAs of various genes (see [30] and references therein). Inactivation of any of these NMD factors in C. elegans leads to viable nematode worms that present mild morphological effects on the genitalia. The abnormalities are more obvious in the male bursa than in is also incorporated and phosphorylates Upf1, committing the PTC-containing mRNA to NMD. Upf2 and, to a lesser extent, Upf3 are necessary for Upf1 phosphorylation. In some cases, events such as the presence of the EJC downstream of the PTC enhance the recognition of the mRNA as an NMD target (e.g. by facilitating Upf2 and Upf3 recruitment). Phosphorylated Upf1 interacts with the other Smg factors, Smg5, Smg6 and Smg7, and mRNA degradation is initiated. eRF, eukaryotic translation release factor; PABP, poly(A)-binding protein.
the hermaphrodite vulva; both are swollen, although the anatomical components of the copulatory organs are all present and partly functional [31] . Thus the NMD pathway in the nematode is apparently dispensable for viability, although necessary for the correct morphogenesis of the reproductory structures.
Two novel NMD factors that are highly conserved have been identified in the nematode, Smgl1 and Smgl2 (Table 1 ) [30] . Interestingly, these two factors are essential for viability in C. elegans, which suggests that they may be involved in additional cellular functions.
In contrast with the nematode, cultured Drosophila S2 cells depleted of UPF1 and UPF2 arrest at G 2 /M-phase, and an increase in the proportion of G 2 /M-phase cells is also observed after depletion of UPF3, SMG5 and SMG6 [32] . Concordantly, upf1 and upf2 mutant clones induced in an otherwise heterozygous fruitfly show growth defects and mutant cells seem to die by apoptosis ( [33] and P. Avery, M. Vicente-Crespo and I.M. Palacios, unpublished work). At the developmental level, upf1 and upf2 mutants survive through larval stages due to maternal contribution, since the germline provision of Upf1 and Upf2 is essential for embryonic development and patterning of the follicular epithelium. None of the cellular growth and developmental defects observed in upf1 and upf2 mutants are seen in upf3 or smg1 mutant fruitflies, although upf3 mutants develop slightly slower than the wild-type ( [33] and P. Avery, M. Vicente-Crespo and I.M. Palacios, unpublished work). The increase observed in G 2 /Mphase cells when UPF3 is depleted in cultured cells could explain the slower development observed in upf3 mutants.
There are yet no mutant studies of the other NMD effectors in Drosophila, although all Upf and Smg proteins have been shown to play a role in NMD in S2 cells [32] .
It is interesting to note that the Drosophila EJC (exon junction complex) is required for the localization of oskar mRNA to the posterior pole of the oocyte, an event that is essential in the establishment of the embryonic body axes, and in the development of the germ cells [34] . However, in contrast with the function of the mammalian EJC in NMD, this complex does not function with the Upf proteins in RNA localization, since upf1, upf2 and upf3 mutant oocytes show no obvious defects in the distribution of the transcript (K. Gold, M. Vicente-Crespo and I.M. Palacios, unpublished work).
Many of the phenotypes described in Drosophila have been observed in vertebrates. In the case of zebrafish, knockdown of UPF1 and UPF2 causes embryonic lethality, whereas depletion of UPF3 and SMG1 has little to no effect on viability [35] . Similar to UPF1 and UPF2, SMG5-SMG7 are also essential during embryogenesis. Embryos injected with Upf1 morpholinos exhibit extensive necrosis in the central nervous system, impaired eye development, abnormal somite morphogenesis and perturbation in the posterior axis elongation and in the yolk sac extension. Brain patterning is disturbed particularly at the midbrain-hindbrain boundary, which is greatly diminished. Similar to the Upf1 knockdown, an 80-90% reduction of viability is observed in embryos depleted of Upf2 or Smg5-Smg7. The phenotypes caused by Upf2, Smg5 and Smg6 depletions resemble that of Upf1-depleted embryos. In contrast, Smg7 morphants display phenotypes with specific features that are not observed in other cases. These embryos show an elongated hindbrain; the appearance of the midbrain-hindbrain boundary is altered, but the boundary is still established. Only the strong phenotype shows stacked somites comparable with the phenotypes observed in Upf1, Upf2, Smg5 and Smg6 morphants. The phenotypic similarities between Upf1, Upf2, Smg5 and Smg6 morphants suggest that the observed defects are likely to be due to the inhibition of NMD, whereas Smg7 may have acquired additional functions.
The existence of two paralogues of Upf3 (a and b, also known as Upf3 and Upf3x) in vertebrates has made the study of Upf3-knockout animals difficult. In zebrafish, the double knockdown of Upf3a and Upf3b shows phenotypes comparable with the weak phenotypes observed in upf1 −/− brains, but embryonic survival was not strongly compromised. Finally, no phenotype was observed in zebrafish embryos depleted of Smg1.
As yet, no phenotypic data for Upf3-knockout animals exists for the murine system, but, similar to zebrafish and Drosophila, Upf1/Rent1 and Upf2 knockouts in mice cause early embryonic lethality [36, 37] . In the case of Upf1, mutant blastocysts showed potent induction of apoptosis, and were unable to generate stable embryonic stem cell lines. In conjunction with the observation that the Upf1/Rent1 mRNA is expressed in unfertilized oocytes, early embryos and cultured ES cells, these data suggest that cellular lethality may initiate in mutant embryos once the oocyte-derived Upf1/Rent1 is exhausted [36] .
The loss of full-length Upf2 in the haemopoietic system leads to a strong reduction of all major lineages of the bone marrow (haemopoietic progenitors, granulocytes and B-cells) and, consistent with this, depletion of Upf2 was accompanied by severe anaemia [37] . The detailed phenotypic analysis of the bone marrow deletion of full-length Upf2 demonstrates a requirement for Up2 in the maintenance of all tested stem and progenitor subsets within the bone marrow. In contrast, no changes are observed when full-length Upf2 is deleted only in the myeloid lineage. Elimination of full-length Upf2 during T-cell development results in thymic atrophy with reduced numbers of T-lymphocytes and increased numbers of pre-apoptotic cells. The analyses of the T-cell receptor β (Tcrb) locus shows that NMD is very active in T-cells since the inactivation of the pathway leads to high levels of PTCcontaining Tcrb mRNAs (PTC+; generated by unproductive genomic rearrangements), otherwise undetectable in a wildtype background. Interestingly, resting T-cells that do not contain PTC+ Tcrb mRNAs can survive when UPF2 is inactive. Therefore accumulation of PTC+ mRNAs after elimination of full-length Upf2 is unbearable for resting T-cells and probably one of the causes of the thymic atrophy.
Similar to the murine system, human Upf1 is required for S-phase progression in cultured cells [38] . However, in contrast with the mouse, the reduction of Upf2 levels in human tissue culture has no effect on cellular proliferation. Although this result suggests that the function of Upf2 in cell division is not conserved in humans, it is important to note that the depletion of Upf2 in the human cells experiment was only partial, and that the residual Upf2 might support its function in cell growth.
The only data available in humans indicate that Upf3b-deficient humans develop mental retardation, suggesting that even if Upf3a and Upf3b have overlapping functions in mammalian development, the loss of one of these paralogues is enough to perturb human development [39] .
So far, only the core NMD factors (Upf1-Upf3) and Smg7 have been identified in plants. Mutants for Arabidopsis Upf1 are lethal and show metabolic, flowering, seeding and growth problems [40] [41] [42] , and mutations in the Upf3 gene show strikingly similar phenotypes to the Upf1 mutants [40] . Smg7 mutants exhibit growth defects and infertility. In the case of the male, the germ cells fail to transit from anaphase to telophase in the second division, suggesting that Smg7 is required for exiting meiosis in Arabidopsis [43] .
Comparative analysis: why are some NMD effectors essential in some organisms, but not in others?
The work done in fruitflies and vertebrates suggests that the loss of NMD causes lethality, whereas mutations in the main NMD effectors (Upf and Smg proteins) in yeast and nematode worms have no major developmental defects, indicating that the phenotype of NMD mutants seems to correlate with the complexity of the organism. Is this differential requirement for the NMD factors across species due to variability in the developmental importance of the RNA targets regulated by NMD, or instead due to additional essential functions that the NMD factors might have acquired in fruitflies and vertebrates?
For example, mammalian Upf1 is involved in Staufendependent mRNA decay, genome stability, histone mRNA degradation and telomere metabolism (reviewed in [6] ), and human Upf1 also modulates the siRNA (short interfering RNA) pathway [44] . All of these Upf1 functions, except for telomere metabolism, have been shown to be independent of Upf2. In addition, Smg1 is involved in several stress responses in C. elegans and human cells, and Smg6 functions in telomere regulation [45] [46] [47] . These observations suggest that the lethal phenotype associated with some of the NMD mutants could result from blocking these functions. Supporting this hypothesis is the finding that in contrast with Upf1 and Upf2, Upf3 is not essential for cellular growth or animal viability in Drosophila (P. Avery, M. Vicente-Crespo and I.M. Palacios, unpublished work) or in fish [35] . This, in turn, implies that NMD might not be essential for development, and that the phenotypic lethality of the UPF1 and UPF2 strong alleles might be due to their activity in other developmentally essential processes, rather than because of a loss of NMD. This hypothesis is supported further by the analysis of the Drosophila upf2 25G mutant allele. This allele is thought to be completely compromised for NMD, yet, unlike upf2-null alleles, occasional upf2 25G mutant males survive to adulthood [33] . Alternatively, the severity of the phenotype could be explained by an increase in the physiological role played by the transcripts regulated by NMD and/or by the increase in the number of PTC-containing isoforms. For example, the prevalence of alternative splicing (and therefore of PTC+ RNAs generated by alternative splicing) also increases in complex organisms [48] . In favour of this hypothesis is the fact that yeast Upf1 is also required for other processes in addition to NMD, such as telomere stability and protein degradation [49, 50] , but UPF1 is not an essential gene in Saccharomyces. In addition, it is not yet clear whether the role of the NMD factors in other cellular processes is always independent of their function in NMD. In particular, the telomere defects found in upf1 mutant yeast are also shared by UPF2-and UPF3-deleted strains, suggesting that the NMD pathway regulates specific mRNAs that are important for telomere functions [49] . Further supporting this model is our finding that Drosophila Upf3 seems to have a peripheral role in the degradation of various transcripts that are strongly regulated by Upf1 and Upf2, and that the allele upf2 25G , which was previously described as an NMD-null mutant, has weaker effects on NMD targets than other UPF2 alleles that are lethal (P. Avery, M. Vicente-Crespo and I.M. Palacios, unpublished work). Finally, we find that the interaction of Upf2 with Upf3 is not essential for fruitfly viability, whereas the binding of Upf2 to Upf1 is. This result suggests that the UPF1 and UPF2 lethality phenotype is probably due to a function of these proteins that requires the formation of the Upf1-Upf2 complex, as is the case for NMD.
All of these data show that there is a correlation between NMD target levels and lethality phenotype in the mutant alleles of upf1, upf2 and upf3, suggesting that the differential effect on targets could explain why UPF1 and UPF2, but not UPF3, are essential genes in the fruitfly. If we were to apply these arguments to the observations across species, it is possible that the differential effects on, and/or the nature of, targets could also explain why some NMD factors are essential genes in some organisms, but not in others.
Concluding remarks
Although the identification of an individual bona fide NMD transcript may in turn suggest a specific functional role for NMD, it is important that this be validated with the analysis of phenotype, especially when considering that the secondary effects of depleting NMD could go further than the mere stabilization of the direct targets. NMD targets that are responsible for any of the mutant developmental phenotypes described so far have not yet been identified. A more comprehensive analysis of the NMD targets throughout development should give us a better picture of which targets need to be under strict control of the NMD pathway to ensure the organism's survival.
